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ABSTRACT: Vanadium(III) thiolate complexes carrying a phenoxide-based
tridentate ligand were prepared from the reactions of V(NMe2)4 with the protonated
forms of tridentate ligands (H2(O,P,O) = bis(3,5-di-tert-butyl-2-hydroxyphenyl)-
phenylphosphine or H2(O,O,O) = bis(3,5-di-tert-butyl-2-hydroxyphenyl)phenyl-
phosphineoxide) and thiols (HSR; R = mesityl (Mes), 2,4,6-iPr3C6H2 (Tip)). The
vanadium−thiolate complexes were subjected to the V/Fe/S cluster synthesis via
treatment with an Fe(II) thiolate complex [(TipS)Fe]2(μ-SDmp)2 (4, Dmp = 2,6-
(mesityl)2C6H3) and elemental sulfur in toluene, leading to the formation of two new
V/Fe/S clusters. One is an edge-bridged double-cubane-type [VFe3S4]-[VFe3S4] cluster [(O,P,O)VFe3S4(SDmp)(HNMe2)]2
(5) having face-capping tridentate (O,P,O) ligands on vanadium atoms. The other is a [VFe3S4-Fe] cluster [(μ-
O,O,O)VFe3S4(SDmp)(STip)Fe(μ-SDmp)] (6), the core of which consists of a cubane-type [VFe3S4] unit and an external
iron atom. The external iron is bound to an SDmp ligand and two oxygen atoms of the tridentate (O,O,O) ligand. Cluster 6 is
structurally relevant to the active site of nickel-dependent CO dehydrogenase, and their common structural features include a
cubane-type unit with a heterometal, one more iron atom besides the cubane unit, and a bridging ligand between the external
iron and the heterometal of the cubane unit.

■ INTRODUCTION

Metal−sulfur clusters are abundant in living organisms,
mediating electron transfer and chemical transformations.1−3

While the majority of these clusters are iron−sulfur clusters,
some clusters with two transition elements have been found in
the active sites of metalloenzymes involved in small molecule
activation. Representative examples include the FeMo-cofactor
of nitrogenase, which catalyzes the reduction of N2 into NH3,

4

the FeV-cofactor of vanadium-dependent nitrogenase,5 and the
[NiFe4S4] cluster active site of nickel-dependent CO
dehydrogenase, which catalyzes the interconversion between
CO and CO2 (Chart 1).

3b,6 The complicated structures and the
reducing activities of these clusters have been attracting
interests, and hence, they have been important synthetic targets
for inorganic chemists. Thus far, Holm and co-workers have
synthesized a series of M/Fe/S (M = Mo, V) clusters
topologically analogous to the nitrogenase P-cluster,7 and
they have also prepared [NiFe3S4] cubane-type clusters
mimicking the active site of CO dehydrogenase.8 Coucouvanis
et al. have reported some incomplete cubane-type [MoFe3S3]
clusters carrying a catecholate and a pyridine ligand on
molybdenum, which can be seen as a fragment of the FeMo-
cofactor.9 Notably, for the assembly of these cluster cores, polar
organic solvents (i.e., CH3CN and CH3OH) have been
commonly used to dissolve the ionic reactants, such as
tetrathio-molybdates, thiolates, and iron chlorides.
We have developed a synthetic method to prepare iron−

sulfur clusters in toluene and have successfully synthesized a
series of clusters mimicking the metalloclusters in nitrogenase10

and high-potential iron−sulfur proteins.11 As shown in Scheme
1, the reaction of an Fe(II) thiolate complex with elemental
sulfur in toluene was found to give an [Fe8S7] cluster
[Fe4S3(SDmp)]2(μ-SDmp)2(μ-STip)(μ6-S) (A; Tip =
2,4,6-iPr3C6H2, Dmp = 2,6-(mesityl)2C6H3).

10b In contrast to
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Chart 1. Nitrogenase FeMo-Cofactor and the Active Site of
Ni-Dependent CO Dehydrogenase. Cys = Cysteine, His =
Histidine
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ordinary synthetic iron−sulfur clusters with four or less than
four iron atoms, cluster A contains eight iron atoms and has an
intriguing structural relevance to the FeMo-cofactor in that two
[M4S3] incomplete cuboidal units (M = metals) are connected
by a central μ6 atom and three bridging sulfur donors. The
successful synthesis of FeMo-cofactor mimic A prompted us to
expand the scope of this reaction for the synthesis of V/Fe/S
clusters, by incorporating vanadium complexes into the reaction
mixture. As our cluster synthesis is carried out in toluene, a
series of new vanadium−thiolate precursors were prepared in
this study from the reactions of V(NMe2)4 (1)

12 with tridentate
ligands and thiols. Chart 2 shows the phenoxide-based

tridentate ligands, whose protonated forms are denoted as
H2(O,P,O) and H2(O,O,O) in this paper (H2(O,P,O) =
bis(3,5-di-tert-butyl-2-hydroxyphenyl)phenylphosphine, H2-
(O,O,O) = bis(3,5-di-tert-butyl-2-hydroxyphenyl)phenyl-
phosphineoxide).13 The (O,P,O) ligand has been demonstrated
to coordinate to Ti, V, Ta, Co, and Rh as a facial tridentate
ligand,13,14 and the (O,O,O) ligand is available via oxidation of
H2(O,P,O) with H2O2.

13 Herein, we report the reactions of
new vanadium−thiolate complexes with an Fe(II) thiolate
complex and elemental sulfur in toluene, leading to the
formation of two new V/Fe/S clusters. One of the new clusters
is an edge-bridged double-cubane-type [VFe3S4]-[VFe3S4]
cluster, and the other is a [VFe3S4-Fe] cluster that is structurally
relevant to the active site of nickel-dependent CO dehydrogen-
ase.

■ RESULTS AND DISCUSSION
Synthesis of V(III)−Thiolate Complexes Having a

Tridentate Ligand. In this study, vanadium(IV) amide

complex V(NMe2)4 (1) was used as the precursor to synthesize
new vanadium−thiolate complexes. Complex 1 was treated
with the protonated forms of tridentate ligands H2(O,P,O) or
H2(O,O,O) and then with 2 equiv of thiols, resulting in the
formation of the V(III)−thiolate complexes bearing a tridentate
ligand and a dimethylamine ligand, (O,P,O)V(SR)(HNMe2)
(2a, R = (mesityl) Mes; 2b, R = 2,4,6-iPr3C6H2 (Tip)) or
(O,O,O)V(SR)(HNMe2) (3a, R = Mes; 3b, R = Tip) (Scheme
2). The first step of the reaction sequence of Scheme 2 involves

the replacement of two amide ligands with a tridentate ligand
via proton transfer to generate a putative intermediary complex
(O,E,O)V(NMe2)2 (E = O, P), in which amide ligands take up
protons from thiols in the following step. These proton transfer
reactions provide dimethylamine, which serves as a ligand in
complexes 2a−2b and 3a−3b. Whereas the replacement of
amide ligands in (O,E,O)V(NMe2)2 with thiolates is expected
to give a V(IV) complex (O,E,O)V(SR)2, the products in
Scheme 2 are V(III) complexes with one thiolate ligand.
Dissociation of an −SR group from the tentative intermediate
(O,E,O)V(SR)2 accounts for the reduction from V(IV) to
V(III), while the possible byproduct RS-SR has not been
detected.
The V(III) oxidation state of complexes 2a−2b and 3a−3b

was supported by the EPR spectra and the magnetic
susceptibility measurements. The room-temperature EPR
spectra of complexes 2a−2b (in THF) and 3a−3b (in toluene)
were silent, as the V(III) complexes with low symmetry are
known to become EPR-silent at conventional frequencies and
fields.15 The silent EPR spectra are inconsistent with the EPR-
active V(IV) state (d1 configuration), which is expected to give
an S = 1/2 signal. Temperature-dependent magnetic
susceptibilities of complexes 2a−2b and 3a−3b were measured
by the SQUID magnetometer (Supporting Information, Figure
S2). The effective magnetic moments of these complexes are
nearly constant in the range of 50−300 K, μeff = 2.76−2.94 μB
(2a), 2.51−2.74 μB (2b), 2.54−2.55 μB (3a), and 2.46−2.65 μB
(3b). In agreement with the V(III) state (d2 configuration),
these magnetic moments are similar to the spin-only value for
the S = 1 state (2.83 μB). The cyclic voltammograms (CVs) for
2a−2b and 3a−3b were measured in THF at room

Scheme 1

Chart 2. Tridentate Ligands Used in This Study

Scheme 2
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temperature using [nBu4N][PF6] as an electrolyte, where some
irreversible oxidation and reduction waves appeared (Figure S3,
Supporting Information). The common features are the
reduction waves at Epc = −2.08 to −2.27 V, and the oxidation
waves of the corresponding species after reducing V(III)
complexes appearing at Epa = −1.33 to −1.37 V. These
reduction/oxidation waves are coupled, and therefore, the
oxidation waves at −1.33 to −1.37 V were not found in the
CVs measured in the range of 0 to −2.0 V. In the CVs of 2a−
3b scanning toward positive potentials up to 1.0 V, large
irreversible oxidation waves were observed at Epa = 0.18−0.35
V. These waves would be assigned as the oxidation from V(III)
to V(IV), and one of the possibilities accounting for the
irreversibility is the dissociation of an −SR group from
vanadium as 1/2 RS-SR.
The molecular structures of complexes 2a−2b and 3a−3b

were determined by X-ray crystallographic analysis, and
perspective views of 2a and 3a are shown in Figure 1 (others

shown in the Supporting Information). The vanadium center is
five-coordinate in these V(III)−thiolate complexes, with a
tridentate ligand occupying two equatorial and one axial
position. The dimethylamine ligand is located at the axial
position, while the thiolate ligand is on the equatorial plane.
The atoms in axial positions are linearly aligned with vanadium
(P−V−N 166.28(6)° for 2a and O−V−N 178.06(6)° for 3a).
The sums of S−V−O and O−V−O angles in the equatorial
plane are 359.76(17)° (2a) and 359.92(16)° (3a). The V−S
bond distances of 2a (2.2931(8) Å) and 3a (2.3136(8) Å) are
close to those in a trigonal-bipyramidal V(III) complex
V(STip)3(THF)2 (2.308(1)−2.334(1) Å).

16 The V−N(amine)
distances of 2.178(3) Å (2a) and 2.2008(19) Å (3a) are also
analogous to those in V(III)−amine complexes (2.146(7)−
2.290(2) Å).17

Reactions of V(III) Thiolate Complexes with an Fe(II)
Thiolate Complex and Elemental Sulfur. (O,P,O)V
Complex. The V(III)−thiolate complexes were incorporated
into a mixture of 4 and S8 for the synthesis of V/Fe/S clusters.
Considering the rapid reaction of 2a with elemental sulfur, we
mixed the reactants in the order of 4, elemental sulfur, and 2a
in toluene. From the reaction of 4 with S8 and 2a in the ratio of
V:Fe:S = 1:3:4, an edge-bridged double-cubane-type [VFe3S4]-
[VFe3S4] cluster [(O,P,O)VFe3S4(SDmp)(HNMe2)]2 (5) was
obtained in 22% yield as black needles (Scheme 3). While some
edge-bridged double-cubane-type [VFe3S4]-[VFe3S4] clusters
have been reported,18 the [V2Fe6S8]

6+ state of 5 is much higher
than the known [V2Fe6S8]

2+ clusters. The unique oxidation
state of 5 shows the accessibility of a wide range of oxidation
states in the edge-bridged double-cubane clusters. The effective
magnetic moment of 5 in the solid state gradually decreases
upon lowering the temperature, from 3.10 μB at 300 K to 0.89
μB at 2 K (Figure S5, Supporting Information), and the
moment at 2 K is lower than the spin-only value for the S = 1/2
state (1.73 μB). On the other hand, the EPR spectrum of 5 in
frozen toluene at 8 K19 exhibited an S = 1/2 signal at g = 2.01
with multiple lines due to the nuclear spin of vanadium (Figure
S6, Supporting Information). This result is inconsistent with
the even number of electrons present in the centrosymmetric
cluster 5, as the odd number of electrons are required for the
appearance of the S = 1/2 signal. We speculate two possible
reasons: (i) partial contamination of the 1e-oxidized species
with one missing hydrogen atom in one of the HNMe2 ligands
or the 1e-reduced species with an additional hydrogen atom on
one of the oxygen/sulfur atoms in the same crystals, and (ii)
partial decomposition of 5 in solution. The reason remains
unclear, while the magnetic moment of 0.89 μB at 2 K for
crystal samples is in between the S = 0 and 1/2 states. In the
cyclic voltammogram of 5 in THF, an irreversible reduction
wave was observed at −1.06 V vs Ag/AgNO3 (Figure S7,
Supporting Information). The possible reasons for the
irreversibility of the reduction wave include the dissociation
of HNMe2 from iron and the splitting of the [VFe3S4]-[VFe3S4]
cluster into two [VFe3S4] clusters upon reduction. Therefore,
the measurement was also carried out in the presence of
dimethylamine (2−4 equiv), but the reduction wave remained
irreversible and one more reduction wave appeared at Epc =
−1.14 V. The second wave may come from the monomeric
[VFe3S4] species, which is possibly generated via the splitting of
the [VFe3S4]-[VFe3S4] cluster and the coordination of HNMe2
to iron. The addition of a large excess (>20 equiv) of
dimethylamine resulted in the disappearance of the reduction
wave, indicating the degradation of the cluster.

Figure 1. Molecular structures of 2a and 3a with thermal ellipsoids at
the 30% probability level. Selected distances (Å) and angles (deg): 2a:
V1−S1 = 2.2931(8), V1−P1 = 2.4624(7), V1−O1 = 1.8911(17), V1−
O2 = 1.8976(16), V1−N1 = 2.178(3); S1−V1−P1 = 102.44(3), S1−
V1−O1 = 119.51(6), S1−V1−O2 = 125.12(6), S1−V1−N1 =
91.28(6), P1−V1−O1 = 81.09(6), P1−V1−O2 = 80.78(5), P1−
V1−N1 = 166.28(6), O1−V1−O2 = 115.13(7), O1−V1−N1 =
91.94(8), O2−V1−N1 = 91.67(8). 3a: V1−S1 = 2.3136(8), V1−O1 =
1.9026(13), V1−O2 = 1.8921(16), V1−O3 = 2.0332(15), V1−N1 =
2.2008(19); S1−V1−O1 = 130.65(5), S1−V1−O2 = 122.67(5), S1−
V1−O3 = 91.53(5), S1−V1−N1 = 88.40(5), O1−V1−O2 =
106.60(6), O1−V1−O3 = 89.57(6), O1−V1−N1 = 89.01(6), O2−
V1−O3 = 91.66(6), O2−V1−N1 = 90.01(7), O3−V1−N1 =
178.06(7).
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The molecular structure of 5 was determined by crystallo-
graphic analysis, as shown in Figure 2, whereas the insufficient

quality of thin needle crystals enables limited discussion on the
structure. Cluster 5 consists of two cubane-type units, each
consisting of one vanadium carrying a face-capping (O,P,O)

ligand, three irons, and four sulfurs. The two [VFe3S4] units are
connected through one of the Fe−S edges of cubes, defining an
Fe2S2 rhomb in the middle. In analogy to the precedent edge-
bridged double-cubane-type [VFe3S4]-[VFe3S4] clusters,18 the
intracubane Fe−S distance within the rhomb (Fe2−S4,
2.357(5) Å) is longer than the intercubane Fe−S distance
(Fe2−S4′, 2.280(5) Å). In contrast to the precedent [VFe3S4]-
[VFe3S4] clusters with peripheral vanadium atoms, the (O,P,O)
V groups in 5 are located next to the central Fe2S2 rhomb.
Another notable difference between the [V2Fe6S8]

6+ cluster 5
and the precedent [V2Fe6S8]

2+ clusters is the oxidation state,
and the oxidation states of metals in 5 would be assigned as
V(III)2Fe(II)2Fe(III)4 or V(IV)2Fe(II)4Fe(III)2. Although the
higher oxidation state of 5 is expected to lead to the shorter V−
S and V−Fe distances due to the smaller radius of metals, the
V−S distances ranging from 2.385(5) to 2.436(4) Å are longer
than those of the known [VFe3S4]-[VFe3S4] clusters (2.35(2)−
2.372(2) Å), and the V−Fe distances of 5 (2.789(4)−3.165(6)
Å) are also longer than those of precedent clusters (2.702(2)−
2.831(2) Å). Among the V−Fe distances of 5, V−Fe1
(3.165(6) Å) is particularly long possibly because the phenyl
group of the (O,P,O) ligand is orienting toward the thiolate
ligand on Fe1, causing a steric congestion.

(O,O,O)V Complex. Encouraged by the preparation of a
double-cubane-type cluster 5, the V/Fe/S cluster synthesis was
also examined with the (O,O,O)V−thiolate complex 3b. When
complex 3b was mixed with an iron−thiolate complex 4 and
then with elemental sulfur in the ratio of V:Fe:S = 1:4:4, black
crystals of a cubane-type cluster carrying an external iron atom,
[(μ-O,O,O)VFe3S4(SDmp)(STip)Fe(μ-SDmp)] (6), was ob-
tained in 10% yield (Scheme 4). An analogous reaction using
3a (bearing an −SMes ligand) also gave rise to the same cluster
6 in 8% yield, indicating that the thiolate ligands in the
vanadium precursors readily dissociate upon treatment with
elemental sulfur. The magnetic moment of 6 was observed to
be similar in the range of 50−300 K, μeff = 4.38−4.80 μB
(Figure S8, Supporting Information), which is close to the spin-

Scheme 3

Figure 2. Molecular structure of 5 with thermal ellipsoids at the 30%
probability level. Selected distances (Å) and angles (deg): V1−S1 =
2.385(5), V1−S2 = 2.436(4), V1−S4 = 2.420(5), V−O1 = 1.925(7),
V1−O2 = 1.891(10), V1−P1 = 2.388(5), V1−Fe2 = 2.789(4), V1−
Fe3 = 2.837(4), Fe1−Fe2 = 2.703(3), Fe1−Fe3 = 2.730(4), Fe2−Fe3
= 2.561(5), Fe2−Fe2′ = 2.716(4), Fe1−S1 = 2.293(4), Fe1−S2 =
2.276(5), Fe1−S3 = 2.210(5), Fe1−S5 = 2.194(4), Fe2−S1 =
2.218(5), Fe2−S3 = 2.281(5), Fe2−S4 = 2.357(5), Fe2−S4′ =
2.280(5), Fe3−S2 = 2.212(5), Fe3−S3 = 2.277(5), Fe3−S4 =
2.312(4); Fe2−S4−Fe2′ = 71.69(13), S4−Fe2−S4′ = 108.31(13).

Scheme 4
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only value for the S = 2 state (4.90 μB). There was no
significant signal in the EPR spectrum of 6 in frozen toluene at
4−15 K,19 while a few [Fe(SR)4]

2− compounds in the S = 2
system are known to exhibit EPR signals at around g = 10.20

The cyclic voltammogram of 6 in THF was almost featureless,
exhibiting very weak waves at Epc = −0.84 V and Epa = −0.73
and −0.45 V (Figure S9, Supporting Information). This may be
due to the degradation of 6 in THF in the presence of
electrolyte [nBu4N][PF6]. The external iron atom in 6
supported by the flexible (O,O,O) ligand and the bridging
SDmp ligand may be released in an electrolyte solution of
THF, and the four-coordinate vanadium would accommodate
THF or fluoride ions from a PF6 anion.
The molecular structure of [VFe3S4-Fe] cluster 6 was

determined by X-ray crystallographic analysis, and an ORTEP
drawing is shown in Figure 3. Cluster 6 consists of a cubane-
type [VFe3S4] unit and an external iron atom (Fe4), which is
linked to the cubane unit through a thiolate sulfur and two
oxygen atoms of the (O,O,O) ligand. Although the external
iron (Fe4) looks three-coordinate, there is a weak interaction
between Fe4 and one of the mesityl rings of SDmp, completing

the distorted tetrahedral geometry. The shortest Fe4−C42
contact of 2.480(4) Å is within the range of Fe−C(arene)
interaction found for the Fe−SDmp complexes (2.389(2)−
2.599(2) Å).10b,e,21 The Fe4−S5 distance (2.3327(12) Å) is
also comparable to those of Fe(II) complexes having μ-SDmp
ligands,10b,e,21 indicating the Fe(II) state for Fe4. The external
Fe4 atom reveals no direct metal−metal interaction, and the
shortest intermetallic distance is 3.6866(9) Å (Fe4−Fe1).
Interestingly, the vanadium atom of 6 is four-coordinate, with
three sulfido ligands and a phenoxide oxygen of the tridentate
(O,O,O) ligand. This is in contrast to the precedent V/Fe/S
clusters in which vanadium atoms are five- or six-coordi-
nate.18,22 Thus, the vanadium in 6 is more electron-deficient,
resulting in the relatively short V−(μ3-S) (2.2112(13)−
2.2466(12) Å) and V−Fe (2.6422(9)−2.6873(10) Å) distances
compared to those reported for the [VFe3S4] and [VFe3S4]-
[VFe3S4] clusters (V−S, 2.303(1)−2.387(2) Å; V−Fe,
2.691(2)−2.8363(6) Å).18,22 On the other hand, the Fe−Fe
(2.6896(8)−2.7409(7) Å) and Fe−(μ3-S) (2.2447(11)−
2.2843(11) Å) distances in the [VFe3S4] core of 6 are
comparable to those reported for the [VFe3S4] clusters (Fe−Fe,
2.569(2)−2.757(2) Å; Fe−(μ3-S), 2.205(2)−2.326(2) Å).22

The cubic core is rigid, and thus, distances and angles within
the cubic core do not vary significantly by the oxidation state of
metals. Further, metal−metal interactions lead to charge
delocalization, hampering the assignments to specific oxidation
states of metals. Nevertheless, the cubane unit of 6 is in the
[VFe3S4]

3+ state, for which a tentative assignment of V(III)-
Fe(II)Fe(III)2 would be applied.
It is notable that the [VFe3S4-Fe] core of cluster 6 has

structural relevance to the [NiFe3S4-Fe] cluster active site of
nickel-dependent CO dehydrogenase. As shown in Figure 4,

their common structural features include a cubane-type
[MFe3S4] core with a heterometal (M = V or Ni), one more
iron atom besides the cubane core, and a bridging ligand
between the external iron and the heterometal. The structure of
6 also reveals the flexibility of the tridentate (O,O,O) ligand,
which appears to be important to accommodate the external
iron atom. Cluster 6 incorporates vanadium as a heterometal;
however, synthesis of nickel precursors bearing a flexible
(O,O,O) ligand and their reactions with iron−thiolate
complexes and elemental sulfur in toluene may provide
[NiFe3S4-Fe] clusters modeling the active site of CO
dehydrogenase.

Figure 3. Molecular structure of 6 with thermal ellipsoids at the 30%
probability level. Selected distances (Å) and angles (deg): V1−S1 =
2.2112(13), V1−S2 = 2.2384(12), V1−S4 = 2.2466(12), V−O1 =
1.786(3), V1−Fe1 = 2.6422(9), V1−Fe2 = 2.6873(10), V1−Fe3 =
2.6581(9), Fe1−Fe2 = 2.7409(7), Fe1−Fe3 = 2.6896(8), Fe2−Fe3 =
2.7330(8), Fe1−S1 = 2.2843(11), Fe1−S2 = 2.2486(13), Fe1−S3 =
2.2525(11), Fe1−S5 = 2.3118(11), Fe2−S1 = 2.2447(11), Fe2−S3 =
2.2577(11), Fe2−S4 = 2.2710(12), Fe2−S6 = 2.2243(13), Fe3−S2 =
2.2686(11), Fe3−S3 = 2.2510(13), Fe3−S4 = 2.2674(10), Fe3−S7 =
2.2232(13), Fe4−S5 = 2.3327(12), Fe4−O2 = 1.911(3), Fe4−O3 =
2.001(3), Fe4−C42 = 2.480(4); S1−V1−S2 = 107.09(5), S1−V1−S4
= 104.80(5), S1−V1−O1 = 113.10(10), S2−V1−S4 = 106.11(5), S2−
V1−O1 = 110.53(10), S4−V1−O1 = 114.65(9), S1−Fe1−S2 =
104.29(4), S1−Fe1−S3 = 102.79(4), S1−Fe1−S5 = 88.43(4), S2−
Fe1−S3 = 105.05(4), S2−Fe1−S5 = 118.49(5), S3−Fe1−S5 =
130.73(5), S1−Fe2−S3 = 103.89(4), S1−Fe2−S4 = 102.91(4), S1−
Fe2−S6 = 96.32(5), S3−Fe2−S4 = 103.51(4), S3−Fe2−S6 =
122.25(5), S4−Fe2−S6 = 123.80(5), S2−Fe3−S3 = 104.44(5), S2−
Fe3−S4 = 104.41(4), S2−Fe3−S7 = 114.23(5), S3−Fe3−S4 =
103.84(5), S3−Fe3−S7 = 114.69(5), S4−Fe3−S7 = 114.01(5), S5−
Fe4−O2 = 125.53(10), S5−Fe4−O3 = 115.83(8), O2−Fe4−O3 =
96.62(12).

Figure 4. Structures of 6 and the active site of Ni-dependent CO
dehydrogenase (CODH), emphasizing their structural relevance.
Protein structural data is taken from PDB entry 3B51.6b
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■ CONCLUDING REMARKS

In this study, we have developed a new synthetic route to V/
Fe/S clusters in toluene. A series of precursor vanadium(III)
thiolate complexes 2a−2b and 3a−3b bearing a phenoxide-
based tridentate ligand were synthesized from the reactions of
vanadium(IV) amide complex 1 with H2(O,P,O) or H2-
(O,O,O) and thiols. These vanadium(III) complexes were
found to react with [(TipS)Fe]2(μ-SDmp)2 and elemental
sulfur, producing two new V/Fe/S clusters 5 and 6. Cluster 5 is
an edge-bridged double-cubane-type [VFe3S4]-[VFe3S4] cluster,
and the position of (O,P,O)V units in 5 next to the central
Fe2S2 rhomb is different from the known [VFe3S4]-[VFe3S4]
clusters in which vanadium atoms occupy the peripheral
positions. Cluster 6 consists of a cubane-type [VFe3S4] core
and an external iron atom. Two oxygen atoms of the (O,O,O)
ligand in 6 coordinate the external iron, leaving one phenoxide
oxygen terminally bound to vanadium. One of the thiolate
ligands is also bound to the external iron with its sulfur atom
and an aromatic ring. The synthetic protocol demonstrated in
this study would be applicable to the synthesis of Mo/Fe/S and
Ni/Fe/S clusters in toluene, providing potential routes to
structural mimics of the nitrogenase FeMo-cofactor and the
active site of Ni-dependent CO dehydrogenase. In this regard,
the successful preparation of 6 is particularly encouraging, as
this cluster has structural relevance to the active site of CO
dehydrogenase.

■ EXPERIMENTAL SECTION
General Procedures. All reactions were carried out using standard

Schlenk techniques and a glovebox under a nitrogen atmosphere.
Acetonitrile, diethyl ether, hexane, pentane, tetrahydrofuran, and
toluene were purified by the method of Grubbs et al.,23 where the
solvents were passed over columns of activated alumina and a
supported copper catalyst supplied by Hansen & Co. Ltd. The 1H and
31P{1H} NMR spectra were recorded on a JEOL ECA-600. The
proton signals were referenced to the residual signals of deuterated
solvents. The 31P{1H} NMR chemical shifts are relative to the external
reference of 85% H3PO4. The

31P NMR of complexes 2a−2b and 3a−
3b were measured in C6D6, but paramagnetism of these complexes led
us to observe no assignable 31P signals. In other words, detection
sensitivity of the 31P NMR is not good enough to clearly show the
broadened paramagnetic signals. UV−vis spectra were measured on a
JASCO V560 spectrometer. Elemental analyses were performed on a
LECO CHNS-932 microanalyzer, where the crystalline samples were
sealed into silver capsules in a glovebox. Cyclic voltammograms (CVs)
were recorded in THF at room temperature using glassy carbon as the
working electrode with 0.2 M [nBu4N][PF6] as the supporting
electrolyte. The potentials were referenced to Ag/AgNO3. The solid-
state magnetic susceptibility was measured using a Quantum Design
MPMS-XL SQUID-type magnetometer, and the samples were sealed
in quartz tubes. The EPR spectrum was recorded on a Bruker EMX-
plus spectrometer at X-band frequencies. X-ray diffraction data were
collected on a Rigaku AFC8 or RA-Micro7 equipped with a CCD area
detector using graphite monochromated Mo Kα radiation. V(NMe2)4
(1),12a [(TipS)Fe]2(μ-SDmp)2 (4),10b HSMes,24 HSTip,25 and
bis(3,5-di-tert-butyl-2-hydroxyphenyl)phenylphosphine oxide (H2-
(O,O,O))13 were prepared according to literature procedures. 2-
Bromo-4,6-di-tert-butylphenol and PhPCl2 were purchased and used as
received.
Modified Synthesis of Bis(3,5-di-tert-butyl-2-hydroxy-

phenyl)phenylphosphine (H2(O,P,O)). The yield of H2(O,P,O)
(40% in the literature)13 has been improved to 80%, mainly due to the
scale-up. A hexane solution of nBuLi (111 mL of 1.59 M solution, 176
mmol) was added slowly to a diethyl ether (180 mL) solution of 2-
bromo-4,6-di-tert-butylphenol (25.2 g, 88.3 mmol) at −35 °C. After
stirring at room temperature for 6 h, a diethyl ether solution (60 mL)

of PhPCl2 (6.0 mL, 44 mmol) was added slowly at −50 °C. The
reaction mixture was gradually warmed to 10 °C and stirred overnight.
A diethyl ether solution of HCl (90.0 mL of 1.0 M solution, 90.0
mmol) was added to the mixture at 0 °C, and the mixture was stirred
at room temperature for 2 h. The solution was centrifuged to remove
LiCl. After removal of the solvent under vacuum, the residue was
dissolved in acetonitrile (50 mL). The solution was stored at −40 °C
to give a white powder of H2(O,P,O) (18.4 g, 80%). 1H NMR
(CDCl3): δ 7.35−7.25 (m, 7H, aromatic H), 6.90 (dd, J = 6.5, 2.1 Hz,
2H, aromatic H), 6.27 (d, J = 8.3 Hz, 2H, OH), 1.42 (s, 18H, tBu),
1.14 (s, 18H, tBu). 31P{1H} NMR (CDCl3): δ −50.5.

Synthesis of (O,P,O)V(SMes)(HNMe2) (2a). A toluene (10 mL)
solution of H2(O,P,O) (342 mg, 0.66 mmol) was slowly added to a
toluene (10 mL) solution of 1 (150 mg, 0.66 mmol) at −80 °C. The
reaction mixture was gradually warmed to room temperature. The
color of the reaction mixture turned from dark green to dark red. After
stirring for 2.5 h, a toluene (5 mL) solution of HSMes (201 mg, 1.32
mmol) was added at room temperature. The color of the solution
turned to dark yellow. The reaction mixture was stirred for 3.5 h, and
the solvent was removed under reduced pressure to give a dark yellow
oily material. The residue was washed with pentane (10 mL) to afford
an orange powder of 2a (400 mg, 79%). Single crystals suitable for
crystallography were obtained from a THF/pentane solution at −40
°C. UV−vis (THF): λmax = 313 nm (sh, ε 12 000 M−1 cm−1), 335 nm
(sh, ε 9600 M−1 cm−1). 1H NMR (C6D6): δ 13.7, 11.5, 6.33, 2.26
(tBu), 1.23 (tBu), −3.94, −6.12 (Mes). Cyclic voltammogram (2 mM
in THF, potential vs Ag/Ag+): Epc = 0.55, 0.12, −2.24, −2.65 V, Epa =
0.67, 0.35, 0.18, −1.37 V (irreversible). EPR (microwave power, 1.00
mW; microwave frequency, 9474.082 MHz; modulation width, 0.4
mT; 1 mM in THF): Silent at room temperature. Magnetic
susceptibility (B.M.): μeff = 2.21 (2 K), 2.94 (300 K). Anal. Calcd
for C45H63NO2PSV: C, 70.74; H, 8.31; N, 1.83; S, 4.20. Found: C,
71.06; H, 8.18; N, 1.71; S, 4.22.

Synthesis of (O,P,O)V(STip)(HNMe2) (2b). Complex 2b was
prepared from complex 1 (150 mg, 0.66 mmol), H2(O,P,O) (342 mg,
0.66 mmol), and HSTip (312 mg, 132 mmol) in a similar manner to
that used for 2a. Crystallization from pentane at −40 °C yielded 2b
(213 mg, 39%) as orange crystals. UV−vis (THF): λmax = 326 nm (sh,
ε 10 000 M−1 cm−1). 1H NMR (C6D6): δ 13.7, 6.44, 2.42 (tBu), 1.24
(tBu), 1.03 (iPr of Tip), −1.99, −4.0. Cyclic voltammogram (2 mM in
THF, potential vs Ag/Ag+): Epc = 0.52, 0.06, −0.75, −2.27 V, Epa =
0.71, 0.34, −0.66, −1.36 V (irreversible). EPR (microwave power, 1.00
mW; microwave frequency, 9474.082 MHz; modulation width, 0.4
mT; 1 mM in THF): Silent at room temperature. Magnetic
susceptibility (B.M.): μeff = 2.15 (2 K), 2.51 (300 K). Anal. Calcd
for C51H75NO2PSV: C, 72.22; H, 8.91; N, 1.65; S, 3.78. Found: C,
72.70; H, 8.57; N, 1.66; S, 4.05.

Synthesis of (O,O,O)V(SMes)(HNMe2) (3a). Complex 3a was
prepared from complex 1 (150 mg, 0.66 mmol), H2(O,O,O) (353 mg,
0.66 mmol), and HSMes (201 mg, 132 mmol) in a similar manner to
that used for 2a. Washing the residue with pentane (10 mL) leaves a
yellow powder of 3a (353 mg, 69%). Single crystals suitable for
crystallography were obtained from a toluene solution at −40 °C.
UV−vis (THF): λmax = 321 nm (ε 12 000 M−1 cm−1). 1H NMR
(C6D6): δ 9.90, 7.97, 6.55, 1.76 (tBu), 1.23, 1.09 (tBu), 0.28, −3.34,
−7.74 (Mes). Cyclic voltammogram (2 mM in THF, potential vs Ag/
Ag+): Epc = 0.53, 0.12, −2.08, −2.63 V, Epa = 0.70, 0.34, 0.19, −0.57,
−1.37 V (irreversible). EPR (microwave power, 1.00 mW; microwave
frequency, 9474.082 MHz; modulation width, 0.4 mT; 1 mM in
toluene): Silent at room temperature. Magnetic susceptibility (B.M.):
μeff = 1.88 (2 K), 2.55 (300 K). Anal. Calcd for C45H63NO3PSV: C,
69.29; H, 8.14; N, 1.80; S, 4.11. Found: C, 69.79; H, 8.08; N, 1.71; S,
3.74.

Synthesis of (O,O,O)V(STip)(HNMe2) (3b). Complex 3b was
prepared from complex 1 (150 mg, 0.66 mmol), H2(O,O,O) (353 mg,
0.66 mmol), and HSTip (312 mg, 132 mmol) in a similar manner to
that used for 2a. Washing the residue with pentane (10 mL) leaves a
yellow powder of 3b (228 mg, 40%). Single crystals suitable for
crystallography were obtained from a toluene solution at −40 °C.
UV−vis (THF): λmax = 321 nm (ε 11 000 M−1 cm−1). 1H NMR
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(C6D6): δ 11.4, 9.81, 8.00, 6.63, 1.71 (
tBu), 1.25, 1.20, 1.09 (tBu), 0.97,

0.86 (iPr of Tip), 0.28, −1.44. Cyclic voltammogram (2 mM in THF,
potential vs Ag/Ag+): Epc = 0.54, 0.14, −1.53, −2.16 V, Epa = 0.72,
0.35, 0.20, −0.48, −1.37 V (irreversible). EPR (microwave power, 1.00
mW; microwave frequency, 9474.082 MHz; modulation width, 0.4
mT; 1 mM in toluene): Silent at room temperature. Magnetic
susceptibility (B.M.): μeff = 1.98 (2 K), 2.46 (300 K). Anal. Calcd for
C51H75NO3PSV: C, 70.88; H, 8.75; N, 1.62; S, 3.71. Found: C, 70.98;
H, 8.57; N, 1.68; S, 3.91.
Synthesis of [(O,P,O)VFe3S4(SDmp)(HNMe2)]2 (5). A toluene

(10 mL) solution of S8 (25.2 mg, 0.784 mmol) was added to a toluene
(15 mL) solution of 4 (375 mg, 0.588 mmol) at room temperature.
After stirring for 2.5 h, a toluene (10 mL) solution of 2a (150 mg,
0.196 mmol) was added to the solution at room temperature. The
reaction mixture was stirred for 3 days, and the solvent was removed
under reduced pressure to give a black oily material. The residue was
extracted with pentane (10 mL), and the extract was filtered to remove
a small amount of insoluble black material. Upon standing at room

temperature, black needles of 5 (110 mg, 22%) were obtained. UV−vis
(THF): λmax = 326 nm (sh, ε 22 000 M−1 cm−1), 442 nm (sh, ε 15 000
M−1 cm−1), 559 nm (sh, ε 13 000 M−1 cm−1). Cyclic voltammogram
(2 mM in THF, potential vs Ag/Ag+): Epc = −1.06 V (irreversible).
EPR (microwave power, 1.00 mW; microwave frequency, 9474.082
MHz; modulation width, 0.4 mT; 5 mM in toluene, 8 K): a signal with
multiple lines appeared at g = 2.01. Magnetic susceptibility (B.M.): μeff
= 0.89 (2 K), 3.10 (300 K). Anal. Calcd for C120H154Fe6N2O4P2S10V2:
C, 57.46; H, 6.19; N, 1.12; S, 12.79. Found: C, 57.77; H, 5.73; N, 1.33;
S, 12.43.

Synthesis of [(μ-O,O,O)VFe3S4(SDmp)(STip)Fe(μ-SDmp)] (6).
Method A. A toluene (3 mL) solution of 4 (442 mg, 0.694 mmol) was
added to a toluene (2 mL) solution of 3b (150 mg, 0.174 mmol) at
room temperature. After stirring for 10 min, a toluene (5 mL) solution
of S8 (22.3 mg, 0.694 mmol) was added at room temperature. The
reaction mixture was stirred for 3 days, and the solvent was removed
under reduced pressure to give a black oily material. The residue was
extracted with pentane (5 mL), and the extract was filtered to remove

Table 1. Crystal Data for 2a−2b, 3a−3b, 5 and 6

2a 2b 3a·C7H8 3b·(C7H8)2.5

formula C45H63NO2PSV C51H72NO2PSV C52H71NO3PSV C68.50H75NO3PSV
formula wt (g mol−1) 763.97 845.11 872.11 1074.33
crystal system orthorhombic triclinic monoclinic monoclinic
space group P212121 (No. 19) P1̅ (No. 2) P21/c (No. 14) P21/n (No. 14)
a (Å) 11.9681(13) 12.868(3) 16.251(5) 17.059(3)
b (Å) 13.640(2) 13.695(3) 21.181(6) 17.444(3)
c (Å) 26.614(9) 14.623(3) 16.277(5) 21.669(4)
α (deg) 91.954(3)
β (deg) 103.666(3) 114.506(4) 94.454(2)
γ (deg) 97.180(3)
V (Å3) 4344.4(9) 2478.9(8) 5098(3) 6429(2)
Z 4 2 4 4
Dcalcd (g/cm

3) 1.168 1.132 1.136 1.110
max 2θ (deg) 55.0 54.9 54.7 54.9
no. of reflections measured 35 477 30 009 40 691 51 636
no. of data used (I > 2.00σ(I)) 9950 11 253 11 471 14 385
no. of parameters refined 481 527 536 723
R1a 0.0457 0.0591 0.0493 0.0806
wR2b 0.1056 0.1691 0.1286 0.2645
GOFc 1.071 1.066 1.074 1.056

5·(C4H8O·C7H8)0.5 6·(C5H12)2

formula C71H88Fe3NO3PS5V C107H106Fe4O3PS7V
formula wt (g mol−1) 1413.24 1969.74
crystal system triclinic triclinic
space group P1̅ (No. 2) P1̅ (No. 2)
a (Å) 14.50(3) 15.978(3)
b (Å) 16.41(3) 16.111(3)
c (Å) 17.69(3) 22.370(4)
α (deg) 102.80(2) 87.810(6)
β (deg) 93.233(9) 82.923(5)
γ (deg) 114.94(2) 79.975(5)
V (Å3) 3667(10) 5627(2)
Z 2 2
Dcalcd (g/cm

3) 1.280 1.163
max 2θ (deg) 51.0 55.0
no. of reflections measured 32 174 69 808
no. of data used (I > 2.00σ(I)) 13 319 25 680
no. of parameters refined 709 1078
R1a 0.1629 0.0640
wR2b 0.4614 0.1992
GOFc 1.097 1.011

aI > 2σ(I), R1 = ∑||Fo| − |Fc||/∑|Fo|.
bRefined with all data, wR2 = [{∑w(Fo

2 − Fc
2)2}/∑w(Fo

2)2]1/2. cGOF = [{∑w(Fo
2 − Fc

2)2}/(N0 − Np)]
1/2,

where N0 and Np denote the numbers of reflection data and parameters.
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a small amount of insoluble black material. Upon standing at room
temperature, black plates of 6 (32 mg, 10%) were obtained. UV−vis
(toluene): λmax = 314 nm (ε 24 000 M−1 cm−1), 385 nm (sh, ε 7700
M−1 cm−1), 420 nm (sh, ε 3600 M−1 cm−1). Cyclic voltammogram (2
mM in THF, potential vs Ag/Ag+): Epc = −0.84 V, Epa = −0.45, −0.73
V (irreversible). EPR (microwave power, 1.00 mW; microwave
frequency, 9474.082 MHz; modulation width, 0.4 mT; 5 mM in
toluene): Silent in the range of 4−15 K. Magnetic susceptibility
(B.M.): μeff = 2.00 (2 K), 4.80 (300 K). Anal. Calcd for
C97H118Fe4O3PS7V: C, 62.57; H, 6.39; S, 12.06. Found: C, 62.39;
H, 5.97; S, 12.20.
Method B. A toluene (3 mL) solution of 4 (375 mg, 0.589 mmol)

was added to a toluene (2 mL) solution of 3a (150 mg, 0.196 mmol)
at room temperature. After stirring for 10 min, a toluene (5 mL)
solution of S8 (25.2 mg, 0.694 mmol) was added at room temperature.
The reaction mixture was stirred for 3 days, and the solvent was
removed under reduced pressure to give a black oily material. The
residue was extracted with pentane (5 mL), and the extract was filtered
to remove a small amount of insoluble black material. Upon standing
at room temperature, black plates of 6 (29 mg, 8%) were obtained.
X-ray Crystal Structure Determination. Crystallographic data

and refinement parameters for 2a−2b, 3a−3b, 5, and 6 are
summarized in Table 1. Single crystals were coated with oil
(immersion oil, type B: Code 1248, Cargille Laboratories, Inc.) and
mounted on loops. Diffraction data were collected at −100 °C under a
cold nitrogen stream on a Rigaku RA-Micro7 equipped with a
Saturn70 CCD detector, using graphite-monochromated Mo Kα
radiation (λ = 0.710690 Å). Six preliminary data frames were measured
at 0.5° increments of ω, to assess the crystal quality and preliminary
unit cell parameters. The intensity images were also measured at 0.5°
intervals of ω. The frame data were integrated using the CrystalClear
program package, and the data sets were corrected for absorption
using a REQAB program. The calculations were performed with the
CrystalStructure program package. All structures were solved by direct
methods and refined by full-matrix least-squares. Anisotropic refine-
ment was applied to all non-hydrogen atoms except for disordered
atoms (refined isotropically), and all hydrogen atoms were put at
calculated positions. Crystals of cluster 5 appear as thin needles, and
the quality of their diffraction data was not sufficient. Therefore, some
alerts A and B appear in the checking-program of crystallographic data
(CIF-check). In 2b, one tert-butyl group is disordered over two
positions in a 3:7 ratio. In 5, a methyl group of toluene (crystal
solvent) is disordered over two positions in a 2:3 ratio. In 6, one tert-
butyl group is disordered over two positions in a 1:1 ratio.
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